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Edited by Irmgard SinningAbstract The crystal structure of winged bean basic agglutinin
in complex with GalNAc-a-O-Ser (Tn-antigen) has been eluci-
dated at 2.35 A˚ resolution in order to characterize the mode of
binding of Tn-antigen with the lectin. The Gal moiety occupies
the primary binding site and makes interactions similar to those
found in other Gal/GalNAc speciﬁc legume lectins. The nitrogen
and oxygen atoms of the acetamido group of the sugar make two
hydrogen bonds with the protein atoms whereas its methyl group
is stabilized by hydrophobic interactions. A water bridge formed
between the terminal oxygen atoms of the serine residue of the
Tn-antigen and the side chain oxygen atom of Asn128 of the lec-
tin increase the aﬃnity of the lectin for Tn-antigen compared to
that for GalNAc. A comparison with the available structures re-
veals that while the interactions of the glyconic part of the anti-
gen are conserved, the mode of stabilization of the serine residue
diﬀers and depends on the nature of the protein residues in its
vicinity. The structure provides a qualitative explanation for
the thermodynamic parameters of the complexation of the lectin
with Tn-antigen. Modeling studies indicate the possibility of an
additional hydrogen bond with the lectin when the antigen is part
of a glycoprotein.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
Keywords: Legume lectin; Crystal structure; Winged bean
lectin; Tn-antigen; Carbohydrate speciﬁcity1. Introduction
The Tn-determinant (GalNAc-a-O-Ser/Thr) is a speciﬁc hu-
man tumor associated carbohydrate antigen. Having epithelial
origin, it is expressed in many carcinogenic tumors including
breast, prostrate, lung and pancreatic cancers [1,2]. The level
of expression often correlates well with carcinoma diﬀerentia-
tion and aggressiveness [2,3]. Hence it serves as a biomarker
as well as a potential diagnostic tool. Because of its ability to
induce T-cell response, the covalently modiﬁed Tn-determi-
nant is suggested to be a potential vaccine candidate againstAbbreviations: Gal, Galactose; GalNAc, N-acetyl-galactosamine; Me-
a-Gal, Methyl-a-galactose; Tn-antigen, GalNAc-a-O-serine; WBAI,
basic winged bean lectin; VVLB4, isolectin B4 from Vicia villosa
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doi:10.1016/j.febslet.2005.11.011cancer [4]. It has also been implicated in organotropic metasta-
sis of tumor cells and HIV infection [5].
Lectins, multivalent carbohydrate binding proteins with a
high degree of speciﬁcity, are known to play a variety of roles
in myriad cellular processes [6–8]. Because of their ability to
discriminate between carbohydrates, they have been used in
various ﬁelds of biology and medicine. Reports suggesting
the use of lectins as tools in cancer diagnosis and prognosis
[9] further emphasize the need for understanding the molecular
basis of lectin–Tn-antigen interaction.
Basic winged bean lectin (WBAI) is a galactose speciﬁc,
basic agglutinin extracted from the seeds of winged beans
(Psophocarpus tetragonolobus). It is a homodimeric lectin
which is N-glycosylated at two positions (Asn44 and
Asn219) and has a molecular weight of 58 kDa. Here, we re-
port the crystal structure of WBAI complexed with GalNAc-
a-O-serine (Tn-antigen), elucidated at 2.35 A˚ resolution, along
with the thermodynamic studies of the WBAI–Tn-antigen
binding. A comparative study of the present structure with
the earlier reported structure of the WBAI-Me-a-Gal complex
[10], provides a structural rationale for the Tn-antigen speciﬁc-
ity of WBAI. An attempt has also been made to explain the
thermodynamic data in terms of the crystal structure. The sit-
uation involving Tn-antigen as a part of glycoproteins has
been explored using modelling.2. Materials and methods
WBAI was isolated as reported earlier [11,12]. Commercially avail-
able Tn-antigen was obtained from Dextra laboratories (www.dextra-
laboratories.com). Crystals of WBAI complexed with Tn-antigen were
grown using vapour diﬀusion at room temperature employing the
hanging drop method. A 3 ll drop of 6.5 mg/ml protein containing
10 times molar excess of sugar and 6–7% (w/v) of polyethylene glycol
(PEG) 4000 in 0.02 M phosphate buﬀer (with 0.15 M NaCl, 0.025%
(w/v) sodium azide) was equilibrated against 500 ll of reservoir solu-
tion containing 20% (w/v) PEG 4000 and 15 % (v/v) isopropanol in
the same buﬀer. The diﬀraction data were recorded at room tempera-
ture (293 K) using a MAR345 imaging plate detector, mounted on a
Rigaku RU-300 generator. The crystal to detector distance was kept
at 200 mm. The data collected were processed using DENZO and
SCALEPACK of the HKL suite of programs [13]. TRUNCATE of
the CCP4 suite of programs [14] was used to convert observed intensi-
ties to structure factors.
The crystals obtained were isomorphous to those of WBAI com-
plexed with Me-a-Gal (PDB code 1WL1) [10]. Therefore the coordi-
nates of WBAI complexed with Me-a-Gal were taken directly as the
starting model for reﬁnement, after removing Me-a-Gal, water mole-
cules and glycan moieties. A total of 25 cycles of rigid body reﬁnement
followed by 150 cycles of positional reﬁnement using program CNSblished by Elsevier B.V. All rights reserved.
Table 1
Data collection and reﬁnement statistics
Data collection
Space group P21212
Cell parameters
a (A˚) 157.86
b (A˚) 91.89
c (A˚) 73.50
Resolution (A˚) 30.0–2.35
Last shell resolution (A˚) 2.43–2.35
Number of observed reﬂections 331471
Number of unique reﬂections 44561 (4441)
Data completion (%) 97.5 (99.3)
Rmerge (%) 8.6 (41.6)
ÆI/r(I)æ 18.8
Solvent content (%) 47.6
Reﬁnement
Number of reﬂections used 44194
Number of non-hydrogen atoms
Protein 7308
Sugar 331
Solvent 273
Rcryst (%) 19.8
R (%) 24.4
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respectively. Subsequently, bound sugar, metal ions and a few residues
of N-linked glycans were added to the structure, based on the Fo  Fc
and 2Fo  Fc maps calculated at this stage. The coordinates of Tn-anti-
gen from the structure of the complex of Tn-antigen with isolectin B4
from Vicia villosa (VVLB4) (PDB code 1N47) [16], were used to model
the bound sugar in the electron density (Fig. 2). In subsequent steps of
reﬁnement, water oxygens were added to the model at peak heights
greater than 2.5r in Fo  Fc and 0.8r in 2Fo  Fc maps. Composite
omit maps were used to remove the model bias [17]. Bulk solvent cor-
rection was employed throughout the reﬁnement. Manual model build-
ing was done using program O [18]. The reﬁnement converged at R and
Rfree of 0.20 and 0.24, respectively. The structure was validated using
PROCHECK [19].
The ITC experiments were performed using a VP–ITC calorimeter
from Microcal Inc. (Northampton, MA) as described previously by
Wiseman et al. [20]. The protein concentration was kept between 100
and 400 lM (in 20 mM PBS, pH 7.4) to ensure that the c value was
greater than 2 and less than 100 (where c = Kb ·Mt(0), and Mt(0) is
the initial protein concentration for all the titrations). The thermody-
namic parameters were calculated using Origin software (Microcal)
as described in [21]. The coordinates and the structure factors have
been deposited with the Protein Data Bank (PDB code: 2D3S).
Modelling and energy calculations were performed using INSIGHT
II and XPLOR [22].
free
RMS deviation from ideal values
Bond lengths (A˚) 0.006
Bond angles () 1.46
Dihedral angles () 26.15
Improper angles () 0.89
Ramachandran plot
Residues in most favored regions (%) 86.3
Residues in additionally allowed regions (%) 12.2
Residues in generously allowed regions (%) 1.5
Residues in disallowed regions (%) 0.0
The values indicated in the parenthesis correspond to the last shell
(2.50–2.35 A˚).
Fig. 1. Electron density (2Fo  Fc) map, contoured at 1r level,
showing Tn-antigen and the associated water molecule. This ﬁgure
was made with the programs BOBSCRIPT [33] and RASTER3D [34].3. Results and discussion
3.1. Lectin–Tn-antigen interactions
The structure of WBAI in complex with Tn-antigen was
determined using 2.35 A˚ data (Table 1). Clear and unambigu-
ous electron density for 237 out of the 241 residues, Tn-antigen
(Fig. 1), up to 3 sugar residues in each of the eight N-linked
glycans and metal ions is seen in all the four subunits, consti-
tuting two dimers, present in the asymmetric unit of the crys-
tal. The tertiary structure of the lectin exhibits the
characteristic legume lectin fold, consisting of three b-sheets,
having a jelly roll motif (Fig. 2). WBAI exhibits the ‘‘hand-
shake’’ mode of dimerization, ﬁrst observed in Erythrina corol-
lodendron lectin [23]. The tertiary and the quaternary structure
of WBAI is identical in its saccharide free and bound forms,
indicating that the lectin–carbohydrate interaction does not
inﬂuence the structure of the lectin [10,24].
The carbohydrate binding site, as seen in other legume lec-
tins, is a shallow depression on the surface formed by the four
loops (A, B, C, and D) [25]. In WBAI the residues from 78 to
87 (A), 95 to 117 (B), 124 to 134 (C) and 211 to 222 (D) form
these four loops [10]. The interactions made by Tn-antigen
with protein are shown in Fig. 3A. In addition to these inter-
actions, Phe126 has favourable van der Waals interactions
with the galactopyranoside ring of Tn-antigen, both the rings
being parallel to each other. The orientation of the galactopy-
ranoside moiety and its interactions with the protein are the
same as that of methyl-a-galactose (Me-a-Gal) in WBAI-Me-
a-Gal complex. In addition to these interactions, O6 of the
Gal moiety of Tn-antigen forms a water bridge with N of
Gln217. The water bridge between O2 and N of Gly105 ob-
served in the structure of the Me-a-Gal complex is replaced
by a direct hydrogen bond formed by O7 of acetamido group
of the sugar in the present structure. The nitrogen N2 of the
same group forms a hydrogen bond with OD1 of Asn128.
The terminal oxygens of the serine moiety, OA and OB of
Tn-antigen, form water bridges with OD1 of Asn128 and N
of Asn129. This is the only interaction observed between the
protein and the serine moiety of Tn-antigen. The a-nitrogen
of the latter is exposed to solvent.Protein–Tn-antigen interactions in the present structure, as
compared to those in the known structure of WBAI-Me-a-
Gal, can be explained in two parts; interactions involving the
Fig. 2. Dimeric structure of WBAI complexed with Tn-antigen. Ca2+ and Mn2+ are shown in spheres. Tn-antigen and N-linked glycans are shown in
sticks. Figs. 2 and 3 were made with the program MOLMOL [35].
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ate group of the seryl moiety. The acetamido group in the pres-
ent structure substitutes the hydroxyl group at C2 position of
Gal moiety in WBAI-Me-a-Gal complex. Consequently, the
water bridge between O2 and N of Gly105 is replaced by a
more than compensatory direct interaction between the oxygen
atom of the acetamido group and N of Gly105. In addition,
the nitrogen atom of the acetamido group makes a hydrogen
bond with OD1 of Asn 128. Furthermore, the methyl group
of N-acetyl-galactosamine (GalNAc) is nicely accommodated
in the hydrophobic pocket formed by the two aromatic resi-
dues Tyr106 and Trp130. The interactions involving the seryl
residue is limited to the water bridges involving the a-carbox-
ylate group, referred to earlier. Generation of carbohydrate
speciﬁcity through reorganization of water bridges at the bind-
ing site is not uncommon in lectins [26,27]. Often this has been
seen in lectins as one of the strategies for generating speciﬁcity
for the ligands of overlapping aﬃnities [28,29].
In the isolectin B4 from V. villosa (VVLB4)–Tn-antigen
complex, the only other available lectin structure complexed
with Tn-antigen [16], its crystal structure contains four crystal-
lographically independent subunits to form a tetramer. In
three of them, the only interaction the seryl moiety in Tn-anti-
gen has with the lectin is a hydrogen bond of the a-amino
group in the moiety with the OH of Tyr127. However, in the
fourth subunit (D subunit) this interaction is absent. Instead,
the carboxylate oxygens of the seryl moiety forms a water
bridge with OD1 of Asn127 and N of Asn 129, in a manner
similar to that found in the present structure. A rotation about
OG1-Cb bond in the moiety allows transition from one
arrangement to the other. The torsion angle (C1–OG1–Cb–
Ca) about this bond is around 168 in the D subunit of VVLB4
and in all the subunits of present structure. It is around 155 in
the other subunits of VVLB4. In all legume lectins with Gal-
NAc speciﬁcity, an aromatic residue occupies the position cor-
responding to 127 in VVLB4. Only in VVLB4 it is tyrosine.
Thus the arrangement involving the direct hydrogen bond ap-pears to be speciﬁc to this lectin. In any case, the two structures
between them deﬁne two possible modes of interaction of the
seryl moiety of Tn-antigen with legume lectins.
3.2. Thermodynamic analysis
Thermodynamic data of the interaction of Tn-antigen with
WBAI is shown in Fig. 4. The thermodynamic parameters,
DG (kJ/mol), DH (kJ/mol) and DS (J/mol K) for WBAI–Tn-
antigen interactions are 23.7, 32.2 and 30.4, respectively.
The corresponding values for WBAI-Me-a-Gal interactions
are reported to be 21.8, 23.5 and 6.0, respectively, those
for WBAI–GalNAc interactions they are 22.0, 28.0 and
20.0, respectively [30]. The free energy of interaction has
comparable values in the three complexes, although that for
the Tn-antigen complex is the lowest. There are, however,
marked diﬀerences in the enthalpic and entropic contributions
in the three cases. The enthalpy of interaction steadily de-
creases when going from Me-a-Gal to GalNAc to Tn-antigen,
presumably on account of the increase in the number of lectin-
carbohydrate interactions. Consequently, the mobility of the
acetamido group and seryl moiety appears to decrease on
binding, resulting in a decreasing trend in entropy. However,
at each stage the decrease in entropy is not enough to compen-
sate for the decrease in enthalpy, the phenomenon of incom-
plete enthalpy–entropy compensation often invoked in the
case of lectins [31].
3.3. Modelling study
A biologically more relevant situation is one in which the
Tn-antigen forms a part of a glycoprotein [32]. In order to
at least partially simulate this situation, the serine moiety in
the Tn-antigen molecule was modiﬁed by modelling to N-ace-
tyl-serine-N-methylamide where the Ca atom is ﬂanked by
peptide units. The / and u angles were then rotated indepen-
dently in steps of 20 each using INSIGHT II, which re-
sulted in 324 diﬀerent conformers. Out of these, 77 fell in
the allowed regions of Ramachandran map. Energy minimi-
Fig. 3. (A) WBAI–Tn-antigen hydrogen bonding interactions. Four loops at the binding site are shown as coils (B) A view, slightly diﬀerent for the
sake of clarity, from that in (A) indicating the possible interactions involving the modelled N-acetyl and N-methyl amide groups. Only hydrogen
bonds involving these groups are indicated. The other lectin–sugar interactions remain the same as in (A).
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conformers of Tn-antigen was carried out using X-PLOR [22]
employing distance dependent dielectric constant. The main
chain atoms of the lectin were restrained with a force con-
stant of 300 Kcal/mol/A˚2. The water molecules, which are in-
volved in bridges between the ligand and the lectin in the
crystal structure, were also included in the calculations. Their
positions were similarly restrained. The protein atoms, which
lie within 6 A˚ from any atom of Tn-antigen, were included in
interaction energy calculations. This resulted in lectin–
Tn-antigen complexes forming eight diﬀerent clusters of
conformers. The largest cluster, with lowest energy, had as
many as 39 members. The root mean square deviations inthe atomic positions of the Tn-antigen derivative, were in
the range of 0.2–0.8 A˚. The / and u angles in the Tn-antigen
derivative in the 39 members ranged from 142.8 to 147.1
and 3.2 to 9.1, respectively. Interestingly, the carbonyl
oxygen of the peptide group on the carboxyl side of the ser-
ine moiety in the derivative can still form water bridges of the
type involving the carboxyl group found in the crystal struc-
ture. With minor movements in the D loop and acceptable
variations in u, the carbonyl group of the other peptide unit
can now form an additional hydrogen bond with the side-
chain oxygen of Ser214 (Fig. 3B). Thus the aﬃnity of the
Tn-antigen for the lectin could be higher when it is part of
a protein than when it is free.
Fig. 4. The ITC curve showing the titration of 10 mM Tn-antigenic
glycoamino acid (GalNAca-Ser) in 300 lM protein in PBS buﬀer at
298 K. The ﬁrst two injections were of 2 and 4 ll, respectively. The
remaining ones were of 6 ll.
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